This work investigates commercially available granular phase change materials (PCMs) with different transition temperatures for the use of thermalenergy storage systems in fluidized beds. The hydrodynamic characteristics of granular PCMs were tested in cylindrical-3D and planar-2D fluidized beds.
Introduction
To satisfy the global energy demand, thermal energy storage (TES) is a promising technique to complement the variability in renewable energy supplies and increase the market demand (IEA, 2012) . In this context, phase change materials (PCM), which use latent heat storage, are an attractive alternative to sensible heat materials in either shell-and-tube storage systems (Yang et al., 2016) or dual-media (solid particles-fluid) energy storage tanks because they provide high storage density (Xu et al., 2015) . In this case, the PCM is encased in capsules of different geometries and sizes. The advantage of the encapsulation is its applicability for both liquid and air as heat transfer fluids because they are easily handled and maintain their macroscopic solid state during the solid-liquid transition. Encapsulated PCMs in small particles (micro-encapsulation) have high heat transfer area between the particles and the heat transfer fluid.
In the literature, there are studies of packed beds of macro-encapsulated spheres of PCM with diameters of a few centimeters and water as the heat transfer fluid (Xia et al., 2010; Oró et al., 2013) . In addition to these bound PCMs, granular phase-changing composites with small particle diameters (1-3 mm) have been tested in latent heat thermal-storage packed beds (Rady, 2009a; Izquierdo-Barrientos et al., 2013) using air as the heat transfer fluid and in combination with a compressed-air energy storage system (Peng et al., 2015) . Pitié et al. (2013) also studied the potential use of granular PCMs in a high-temperature (500-750
• C) circulating fluidized bed. They concluded that the PCM would help to reduce the temperature in the tubes and circulation rate of the particles, although granular materials for such high temperatures remain to be developed and manufactured.
Previously, we have published different works on granular phase change materials for low-temperature storage applications in bubbling fluidized beds (Izquierdo-Barrientos et al., 2013 , 2015a ,b, 2016 , as an alternative to the traditional packed beds. The authors have observed that a fluidized bed of granular PCM has higher charging efficiencies during the charging process than a fluidized bed of sand or a packed bed of the identical granular material. The heat transfer coefficient between the particles and a heated surface, which is immersed in the bed, is also notably augmented in a fluidized bed with granular PCM because of the latent heat of the particles, when the bed works at approximately the transition temperature of the PCM. In all previous works, the authors used the same commercial product available from Rubitherm: "GR bound PCM ", which consists of an inorganic matrix in which the PCM is adsorbed and rigidly bounded irrespective of whether the PCM is solid or liquid form. Different paraffins can be used as PCM in the granular material, depending on the transition temperature desired. In our case, we used the material GR50 with a transition temperature of approximately 50
• C. This material was properly fluidized at temperatures below and above this transition temperature and did not present agglomeration problems. Although it suffered some attrition after 75 hours of continuous operation with 15 charging-discharging cycles, no evidence of loss of PCM was observed.
In the present work, we tested the same commercial product, "GR bound PCM " from Rubitherm, but commercialized with different phase change temperatures: GR42 and GR80, with transition temperatures of approximately
42
• C and 80
• C, respectively. The first experimental observations showed that GR42 and GR80 did not properly fluidized at temperatures above the transition temperature: the particles agglomerated, and the bed was defluidized.
To understand the agglomeration behavior of various granular phasechanging composites, where two of three materials have agglomeration problems when they are heated in a fluidized bed, the hydrodynamic characteristics of the materials in fluidized beds are studied in this paper. The angleof-repose measurements, attrition testing and SEM observations are used to understand the different behaviors of these materials. The DSC measurements are finally performed to check the differences in thermal behavior of the suitable material to fluidize after several heating cycles.
Materials
The commercial product employed in this work is "GR bound PCM ", which is commercialized by Rubitherm (www.rubitherm.eu) and suitable for low-temperature energy storage applications (−10 • C to 90 • C). Three different materials with three different phase change temperatures were tested:
GR42, GR50 and GR80. The number corresponds to their approximate phase change temperature T pcm . Figure 1 shows a picture of different PCMs and a picture of the silica sand in the experiments of Izquierdo-Barrientos et al. (2013) , which is a common sensible storage material and was used as a reference material. The external appearance of the granular PCMs is similar to any other granular material, regardless of whether the PCM is in the liquid or solid state. The granular PCM is composed of paraffin (∼ 30 % wt.), which is the phase-changing component, and a natural porous material. The paraffin is different in each material to get the desired transition temperature. The inorganic component behaves similarly to a sponge, where the organic PCM is adsorbed during the manufacturing process. The PCM is rigidly bound to the inorganic matrix regardless of whether the PCM is in the solid or liquid state. The granular material has been developed to be easily handled. These granular PCMs are available in two sizes with particle diameters of 1-3 mm (coarser size) and 0.2-0.6 mm (finer size). These materials were used by different researchers for thermal-energy storage applications in fixed (Rady, 2009a; Izquierdo-Barrientos et al., 2013) and fluidized beds Izquierdo-Barrientos et al. (2013 , 2015a .
[ Figure 1 about here.]
Density, size distribution and minimum fluidization velocity
The two main properties of any granular material to be fluidized are their density and size, which can be categorized according to Geldart (1973) to predict the fluidization behavior of these materials.
The particle density of the granular PCMs has been determined using a helium pycnometer AccuPyc 1340 of micromeritics. This device uses the gas displacement method to measure the volume occupied by the sample, and the density is calculated as the ratio of the mass to its volume; the mass is invariably measured on a discrete device. Table 1 shows the density of different granular PCMs. There is no noticeable difference among the different granular PCMs. The density of the granular PCMs is notably lower than other typical materials in fluidized beds. Izquierdo-Barrientos et al. (2013 , 2015a experimentally and numerically compared the thermal behavior of two granular materials (finer GR50 and sand) in a fluidized-bed thermal-storage system. The density of the sand in these works was ρ = 2632.3 kg/m 3 .
Izquierdo- Barrientos et al. (2013) observed that the lower density of GR50 enabled higher efficiencies because of the lower necessary mass flow rate to fluidize the particles.
[ Table 1 Table 2 indicates the mean particle size of each material, which was calculated with the particle size distribution, and its standard deviation. For comparison purposes, the mean particle size of the sand that Izquierdo-Barrientos et al.
(2013) used in their experiments is also indicated. The larger mean particle size of the finer GR50, compared to GR42 and GR80, indicates a thicker boundary structure of this material in comparison with the other two.
[ Figure 2 about here.]
[ The minimum fluidization velocity U mf of the three thinner materials was determined by measuring the pressure drop across the bed as a function of the superficial gas velocity. The minimum fluidization velocity is commonly defined as the intersection of the horizontal fluidized bed line and the sloping packed bed line (Sanchez-Delgado et al., 2011) . Table 3 shows U mf of the finer PCMs materials. U mf of the coarser PCMs was not experimentally measured because they are higher than the maximum superficial gas velocity that our facility can supply. These velocities were estimated according to Wen and Yu (1966) .
[ Table 3 about here.] Figure 3 shows the original Geldart diagram (Geldart, 1973) Considering Figure 3 , the finer granular PCMs appear appropriate to use in a bubbling fluidized bed and will be the selected material in the fluidization experiments in this paper. Although GR42 and GR80 have smaller particle size than GR50, they belong to group B particles and are far from the limit of group C particles (cohesive particles), where the interparticle forces are strong and hinder the fluidization process. Thus it is speculated that the interparticle forces are not the dominante force in causing the observed agglomeration in the finer materials GR42 and GR80. The required air flow rate to fluidize the coarser granular PCM would be too high, which discard their use in a bubbling fluidized bed. In the following section, we describe the behavior of the finer GR42 and GR80 in two experimental setups: cylindrical-3D and planar-2D fluidized beds. The 2D bed enables us to observe the interior of the bed.
[ Figure 3 about here.]
Fluidization experiments

Experimental set-ups
The finer granular PCMs were fluidized in two experimental set-ups.
First, the materials were tested in a cylindrical-3D fluidized bed (identical to that used by Izquierdo-Barrientos et al. (2013 , 2015a ). Second, to visually corroborate the results in the 3D facility, a planar-2D fluidized bed was used, which enables a visual inspection of the fluidization process.
The cylindrical-3D fluidized bed is illustrated in Figure 4 . The bed consisted of a cylindrical tube of ID 200 mm stainless steel with 2 mm thick walls. A fine mesh screen was mounted at the bottom of the distributor plate to prevent the solid particles from entering the plenum chamber. The air entered the plenum of the column and flowed into the bed through a distribution plate with a thickness of 1.5 mm, which contained 300 perforations with a diameter of 2 mm, which resulted in a 3% open area. The instrumentally monitored section of the test apparatus was 500 mm high and insulated with 20-mm-thick glass wool. Additionally, the column was insulated with a 10-mm-thick thermal insulator. The expanded freeboard had an internal diameter of 300 mm. The air flow was supplied by a blower with a variable mass flow rate and heated by electrical heaters, which were regulated by a PID controller before flowing into the column. Type K thermocouples were used to measure the temperature at specific locations in the test section and plenum chamber. At these locations, the pressure variations could be measured using pressure sensors with two different ranges: 100 mbar and 1 bar.
[ Figure 4 about here.] Figure 5 shows a scheme of the planar-2D fluidized bed, which is identical to that used by (Mahecha-Botero et al., 2011) . The experimental apparatus is a two-dimensional fluidized column with inner dimensions of 310x16x510 mm, which was designed to operate at a maximum pressure of 2170 kPa.
The fluidized bed was constructed of 43 mm thick steel plates. To view the fluidization phenomena, four tempered glass windows of 157-mm diameter and 25.4-mm thickness were used. The windows were placed in pairs on opposite faces of the column and maintained in place using silicon. Then, a gasket was placed outwards over the windows and steel plates to prevent the windows from sliding outwards. A metal mesh was used as the distributor, and additional mesh were used to prevent the backflow of particles, which would clog the bed fittings. The gas supply for the fluidized bed derived from the compressed air from the building air line and was preheated before entering the column by a heating tape. To control the inflow of gas into the fluidized bed, the flow rate was controlled by regulators and more precisely with needle valves.
[ Figure 5 about here.] to the minimum fluidization velocity of the material GR50 (see Table 3 ), the experiments were performed at an excess gas velocity over minimum fluidization conditions of U/U mf = 1.5, 2.0 and 2.5. In all cases, the air was heated to a temperature of 65
Experimental results
• C, and the particles in the bed were heated for 2-3 hours. Then, the electrical resistance that heated the air was switched off, the air and particles were cooled, and the temperature was measured.
Three thermocouples at 7.5 cm, 12.5 cm and 17.5 cm above the distributor measured the identical temperature, which indicates the well-mixed state in the bubbling fluidized bed. Only the thermocouple near the distributor (2.5 cm above it) showed a higher temperature. This thermocouple could be affected by the air jets from the distributor and measured a temperature closer to the temperature of the inlet air (Rees et al., 2006 ).
[ indicates that the bed was defluidized. This anomalous behavior appeared to be mitigated when the gas flow rate increased. For GR80 with a gas flow rate ofV = 625 l/min, which corresponds with an excess gas velocity of U/U mf = 4.4, the bed was well mixed. Similar experimental results were obtained for GR42.
The differences in the hydrodynamic behavior of GR50, GR42 and GR80
are related with the different particle sizes and the characteristics of the natural porous material used as a matrix where the PCM material was bound.
Because this supporting material might not be homogenous in composition, it could have different performances to avoid the leakage of the paraffin. In the case of GR42 and GR80, some paraffin leaked from the supportive structure;
when paraffin melted during the charging process, it served as an adhesive, which made the granules stuck together and caused the bed to defluidize.
Furthermore, when the bed was cooled below the phase change temperature, the paraffin solidified, and the fluidizing air broke the agglomerates and refluidized the bed. This re-fluidization only occurred for experiments where the air flow rate was sufficiently large to produce a vigorous bubbling of the bed.
[ Figure 7 about here.]
Additional experiments were performed in the planar-2D facility to observe the fluidization quality and bed behavior. Figure 8 shows three pictures where the bed interior is observed through one of the windows of the bed.
Figure 8(a) shows the fluidization process of GR42 when the bed temperature was below the transition temperature of the material with a gas flow rate slightly higher than the minimum fluidization conditions. Small ascending bubbles were observed in the bed, which indicates that the bed was properly fluidized. In contrast, when the bed temperature was increased beyond T pcm , the bubbles disappeared, and the particles appeared to become agglomerated, as observed in Figure 8 (b). The increase in gas flow rate in an attempt to re-fluidize the bed was not successful in the 2D geometry. Instead, small channels were observed among the agglomerated particles (see Figure 8 (c), which enabled the gas to by-pass the bed.
[ Figure 8 about here.]
From the fluidization experiments, it is concluded that the materials GR42 and GR80 do not properly fluidize when the temperature of the bed is higher than their transition temperatures, i.e., 42
• C, respectively.
When the granular PCM is above its transition temperature, the paraffin is in the liquid state and can leak out of the granule and act as a binder.
Consequently, the particles tend to agglomerate, and the bed defluidizes.
Analysis of the granular PCMs
This section describes the results of additional experimental measurements to explain the observed differences in the fluidization process of the materials GR42 and GR80 when the temperature is above their transition temperature.
Angle of repose
The angle of repose is generally accepted as an indirect measurement of the characteristics of a bulk of particles to flow, i.e., its flowability (Geldart et al., 2006 (Geldart et al., , 2009 Krantz et al., 2009 ). Geldart et al. (2009) The angle of repose was measured for the three finer granular materials GR42, GR50 and GR80 in the identical device to that developed by Geldart et al. (2006) . Figure 9 shows the angle of repose, which was obtained as the average value of seven runs, for the three materials at room tempera-ture. Approximately 25 seconds were required to pour the entire sample.
No noticeable differences appeared among the three materials. Because of the large error bars, it is not possible to delineate a clear trend with the angle of repose. Nevertheless, Chauvenet's criterion with a 90% confidence was applied to assess whether one piece of experimental data from the set of observations was likely spurious.
[ Figure 9 about here.] Figure 10 shows the variation of the angle of repose with temperature for the three materials to study a possible effect of the temperature on this parameter. No significant conclusions can be drawn because no remarkable changes appear in the AOR when the materials were heated beyond T pcm .
The angle of repose appeared unaffected by the temperature of the material.
In all cases, except GR42 at a temperature above 60
• C, the angle of repose was always under 40 • , which is the limit proposed by Antequera et al. (1994) and Geldart et al. (2006) for a good flowability of the material.
[ Figure 10 about here.]
During the angle-of-repose measurements, some problems were observed with the materials GR42 and GR80 at temperatures above their transition temperatures. When these materials were heated beyond T pcm , their flowability decreased with signs of cohesiveness. In addition, the pouring time decreased to 12 seconds because the materials did not flow continuously but in clumps. For example, during the AOR measurement of GR80 at a temperature of 84 • C, the particles flowed in blocks (Figure 11(a) ), and some electrostatic forces were observed in parts of the device (Figure 11(c) ). [ Figure 11 about here.]
Attrition tests
In fluidized beds, the vigorous bubbling in the bed can provoke the attrition of the particles. If the attrition is significant, the granular PCM particles can lose part of the paraffin inside the supporting structure of SiO 2 . Two different attrition mechanisms are typically observed in fluidized beds: abrasion and fragmentation (Werther and Reppenhagen, 2013) . In the fragmentation process, the particles are broken into smaller particles of similar sizes; in the abrasion process, fine particles are removed from the particle surface. Abrasion more frequently occurs in fluidized beds than fragmentation (Ray and Jiang, 1987; Pis et al., 1991) .
In a previous study, Izquierdo-Barrientos et al. (2013) performed a cycling test to measure the particle size distribution of different samples of GR50, which were fluidized in the cylindrical 3D-facility as described in Section 3.1, during more than 75 hours of continuous fluidization and 15 heating-cooling cycles. The particle size distribution was measured after 3, 6, 9, 12 and 15 cycles. The particle size distribution slightly decreases with the number of cycles, although fragmentation was not observed.
To characterize the attrition resistance of granular PCMs and compare the behaviors of GR42 and GR80, which exhibited agglomeration problems, with GR50, which was properly fluidized, attrition tests were performed. These tests also allowed to discard the fragmentation of particles during the fluidization process. The attrition testing apparatus follows the ASTM D5757-00 standard (ASTM D5757 -00, 2006), which is a widely used standard procedure to characterize the attrition resistance of particles and powders (Wu et al., 2016; Zhao et al., 2000) . It consists of four main stainless-steel components: the three-orifice (0.397 mm) distributor plate, attrition column (710 mm high, 35 mm), conically divergent/convergent freeboard settling chamber (630 mm high), and fine collector, which contains a ceramic filter (0.1 mm pore size). The unit was loaded with 50 g of the particulate sample and operated at 10 l/min of air at room temperature and room pressure for 5
hours.
The particle size distributions (PSDs) before and after the attrition tests for the three materials and their corresponding mean particle diameters with their standard deviations are shown in Figure 12 . The distributions are
Gaussian and have similar widths. Although the mean particle diameter is slightly higher for GR50, the shape of the distribution affects the defluidization of a fluidized bed more than the mean particle size (Lin et al., 2011) . Figure 12 shows no particle fragmentation of the materials GR42 and GR80
(a bi-modal PSD should be obtained), so fragmentation is not the cause of the loss of paraffin and agglomeration of the bed when this type of granulates is fluidized.
[ Figure 12 about here.]
The PSDs after the attrition tests indicate that the bed particles are only slightly smaller than the original ones. Considering Figure 12 , it has been proven that attrition increases the number of particles and decreases their size (the mean diameters decreased after the attrition tests). As a consequence, the PSDs are modified, being the degree of variation of the PSD after the attrition test notably similar for the three materials. Fine particles that are smaller than 50 µm were only detected for the finer GR80 with a fraction of 0.33% of the total mass, which is not significant. Nevertheless, due to the abrasion of materials, some leakages of the PCM might occur and affect the agglomeration of the material.
Scanning Electron Microscope (SEM) observations
One more test was performed to study the structure of the granular PCMs before and after fluidization. The microstructure of the three finer PCMs was examined using Scanning Electron Microscopy (SEM) on a Jeol 6490 LV electron microscope, which was equipped with an EDS detector (Oxford INCA Energy) and detectors for secondary and backscattered electrons. Figure 13 shows several SEM pictures for the materials GR42, GR50 and GR80 with a magnification of 2500 µm. The samples observed in the SEM were obtained before and after the fluidization experiments in the cylindrical 3D-bed in
Figures 6 and 7.
The differences in contrast are related to the changes in conductivity of the material. No significant differences were detected between the initial and post-fluidization samples. Only the topography of the post-fluidization specimens, particularly GR42 and GR80, appeared softer than the initial ones, which may indicate that part of the paraffin leaked through the secondary structure. To corroborate that some paraffin was at the surface of the particles, an Energy Dispersive Spectroscopy (EDS) analysis was performed to determine the C content at the surface. However, because of the interaction volume of the X-rays, C at the surface and C inside the particles were indistinguishable.
[ Figure 13 about here.]
Differential Scanning Calorimetry (DSC) measurements
After the three finer granular PCMs were tested using two experimental facilities and different properties were measured, only the finer GR50 appeared appropriate for use in a fluidized bed for thermal-energy storage applications. The other two materials, GR42 and GR80, have agglomeration problems when the bed temperature is above their phase change temperature. These materials have smaller particle sizes than GR50. The external layer of porous material, which serves as a matrix to bind the PCM, may be thinner than the layer of GR50, and suffered from abrasion in the fluidization process, where some paraffin is lost and causes the particle agglomeration.
Izquierdo- Barrientos et al. (2013) analyzed and compared this material with sand in a fluidized bed for thermal-energy storage. GR50 was fluidized in fifteen charging-discharging cycles between ambient temperature and 65
The particles were fluidized in > 75 hours. After every three cycles, a sample of 250 g was extracted from the bed to measure the particle size distribution.
They observed a slight decrease in mean particle size because of the abrasion.
To corroborate that the particles of GR50 in Izquierdo-Barrientos et al.
(2013) did not lose the paraffin during the fluidization process, the extracted samples from the bed were analyzed in a Mettler Toledo DSC822e. A small mass of 20 mg of each sample of every three cycles was heated from 25 • C to 80
• C at a rate of 0.5 K/min as recommended by various authors (Rady, 2009b; Giro-Paloma et al., 2015) in previous DSC studies, which measured the PCM, maintained them at this maximum temperature for ten minutes and subsequently cooled them to the initial temperature at the same rate.
The process was repeated two times with a different small mass of 20 mg of each sample. Table 4 summarizes the main results of the DSC analysis. The table shows the enthalpy changes and peak temperatures during the fusion (∆H fus ) and solidification (∆H sol ) processes. There is no decrease in enthalpy with the number of cycles. The differences between the initial and cycled samples (after 3, 6, 9, 12 and 15 cycles) are smaller than the DSC error and cannot be attributed to a loss of material.
Regarding the peak temperature, there are small differences between the initial and post-fluidized materials. For the unused material, the peak temperature during the fusion process is T peak fus ≈ 48 • C. After three cycles, this temperature decreased but remained approximately constant during all cycles with a value of T peak sol ≈ 45.4
• C. During the solidification process the peak temperature showed a similar behavior. A small hysteresis of 1 • C was observed between the fusion and solidification processes. This value was maintained for all of the samples.
[ Table 4 about here.]
Conclusions
The three finer granular PCMs in this work (GR42, 50 and 80) have optimal particle size and density to use in a bubbling fluidized bed. Never-theless, the materials GR42 and GR80 have agglomeration problems during the fluidization process when the bed temperature is above their transition temperatures. As a consequence, the bed is de-fluidized, and the system behaves similarly to a plug flow system instead of a well-mixed tank. The agglomeration problems have been corroborated by visual inspection in a 2D fluidized bed. After measuring the angle of repose, performing an attrition test and observing the surface of the granular materials with a Scanning Electron Microscope, we conclude that there is no fragmentation of the granular PCMs during the fluidization process, and the cause of the agglomeration problems in GR42 and GR80 is some loss of paraffin because of the particle abrasion during the fluidization process. The paraffin leaks out, stays on the particle surface and acts as a binder. The finer GR50 does not exhibit this problem because it has a thicker boundary structure of SiO 2 , which results in a higher mean particle size. The DSC measurements corroborate that the finer GR50 remains stable during 15 cycles of fusion-solidification in a bubbling fluidized bed. .515 mm σ dp =0.015 mm d p =0.566 mm σ dp =0.017 mm 
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